A model for estimating the upper to lower bainite transition has been developed for the iron-carbon-manganese-chromium-silicon alloy system by comparing the time required to decarburise a supersaturated bainitic ferrite platelet and that needed for the start of cementite precipitation in the ferrite. The problem is treated as a competition between the decarburisation time and the kinetics of cementite precipitation. Lower bainite is induced when the latter process is faster. The time for forming a volume fraction of 0.01 of the equilibrium amount of cementite is taken as the precipitation start time. The model was calibrated using experimental data from iron-carbon system, and verified with iron-carbon-manganese-molybdenum system and an experimental steel currently being developed for high-strength applications.
Introduction
The microstructure of bainite consists of a non-lamellar mixture of ferrite and carbides, which can be classified further into upper and lower bainite depending on the details of carbide precipitation [1] . The mechanism of the formations of these two different morphologies is illustrated in Fig. 1 , in upper bainite the partitioning of carbon from supersaturated ferrite into the residual austenite is so rapid that the cementite precipitates from the austenite, between the ferrite plates. In the case of lower bainite, which forms at relatively low temperature, the carbides precipitate due to the tempering of the supersaturated ferrite plates, with less carbon partitioning into the austenite so that precipitation from austenite is more limited [1] . The model, for Fe-C steels, was quantitatively expressed by Takahashi and Bhadeshia [2, 3] based on a comparison of the decarburisation and precipitation times. Cementite precipitation was modelled using Avrami equation with kinetic data fitted from hardness changes during the early stages of tempering of martensite. Lawrynowicz [4] applied this model to a Fe-0.38C-0.29Si-0.63Mn-0.93Cr wt % steel, using exactly the same Avrami equation for cementite precipitation kinetics due to the identical hardness change during tempering compared with plain carbon steel with 0.39 C wt %. Azuma et al. [5] developed a simultaneous transformation model including the bainite transformation, and cementite precipitation from ferrite and austenite. The nucleation density and interfacial energy were obtained by fitting to experimental data.
Alloying elements can affect the kinetics of cementite precipitation substantially. Silicon is well known to retard cementite precipitation [6] [7] [8] [9] [10] [11] [12] . Cr and Mn both can retard the coarsening of cementite particles in the latter stage of tempering of martensite [13] [14] [15] , but their effects on the early stage of cementite precipitation is not clear. The purpose of this study is to extend the model developed by Takahashi and Bhadeshia to include the solutes Mn, Si and Cr, and apply the results to a wide variety of steels.
Experimental procedure
A steel provided by Swiss Steel AG was used to validate the model, (Table 1). Cylindrical samples of diameter 8 mm, length 10 mm were machined from the mid-radius position of a steel bar of diameter 32 mm. Heat treatment was carried out in a THERMECMASTER-Z thermomechanical simulator. Samples were heated to 950
• C at a rate of 5
• C s −1 , held at this temperature for 5 min, then cooled to the isothermal soaking temperature of 400
• C, 370
• C and 340
• C at a rate of 10 • C s −1 , soaked for 1 h before cooling to ambient temperature. The M s was measured using a 8 mm diameter hollow sample with a hole of diameter 5 mm, quenched at a rate of 40
• C s −1 , and found to be 343 ± 8
• C. The B s was measured by isothermal transformation at different temperatures, and was determined to be 500 ± 10
• C.
To investigate precipitation, thin foils for transmission electron microscopy (TEM) were prepared using a twin-jet electro-polisher set at a voltage of 27 V, with the electrolytic solution consisting of 5 vol % perchloric acid, 25 vol % glycerol and 70 vol % ethanol. The temperature of the solution during thinning was maintained at 6
• C. TEM investigation was carried out on a JOEL 200CX transmission electron microscope operating at 200 kV. 
Decarburising of supersaturated bainite subunits
The time required to decarburise a supersaturated bainite subunit is given by [2, 16, 17] w
where t d is the decarburising time, w α is the thickness of the bainite subunit, x is the nominal carbon content of the alloy, x αγ and x γα are the carbon content of ferrite and austenite at the interface where they are in paraequilibrium, z is the coordinate whose origin is defined at the γ/α interface and positive in austenite. The left side of equation is the amount of carbon being partitioned out from the ferrite plate, on the right side is the amount of carbon enrichment in austenite. Because carbon can diffuse out from both broad surfaces of the ferrite plate, only half thickness of the plate needs to be considered.
Carbon diffuses much faster in ferrite than in austenite at the same temperature [18] , so it is reasonable to assume that the decarburisation process is controlled by diffusion in austenite. Thus, the carbon concentration in austenite can be given by the Van-Ostrand-Dewey solution to Fick's second law as follows [19] :
where D is the carbon diffusivity in austenite.
On combining the Eq.1 and 2, the decarburisation time is
The carbon diffusivity in austenite is a function of the carbon concentration only [20] [21] [22] ; its dependence on substitutional solute content is relatively weak [16] . It is necessary to use the weighted average diffusivity given by [23] 
The carbon diffusivity is calculated using the method in Ref [16] .
The calculated effects of alloying elements on the decarburisation of supersaturated ferrite plate are shown in Fig. 2 . In the bainite temperature range of interest, as expected, an increase in C content leads to larger decarburisation times (t d ). Greater Cr and Mn contents also increase t d , while Si has little effect. (Table 1 ) except the one under investigation which was varied systematically.
The effects of alloying elements occur through their influences on the paraequilibrium γ/α interface composition. Fig. 3 shows the effects of Cr, Mn and Si on the x αγ and x γα , the x αγ is extremely low and is not much affected by the solutes, while x γα is affected substantially, Cr and Mn both reduces x γα at all temperatures, and Mn has a bigger effect. Si does not change x γα much. So an increase in Cr or Mn will decreases x γα , hence increases t d . 
Cementite precipitation
There are evidences that cementite precipitates under paraequilibrium condition in the early stage of tempering of martensite and bainite [24] [25] [26] [27] [28] [29] [30] [31] , or during bainite transformation [32] . So the kinetics of cementite precipitation was modelled under paraequilibrium condition, using MatCalc version 5.52 [33] with thermodynamic database 'mc steel' and diffusion database 'mc sample fe'. The time for a cementite fraction of 0.01 of its equilibrium quantity is used to define the start time t θ . The carbon concentration was varied from 0.1 to 0.8 wt% with a step size of 0.1 wt%, Si, Mn and Cr from 1 to 3 wt% in steps of 0.5 wt%, and temperature from 300
• C to 650
• C with 50
• C intervals for calculation purposes. The base composition was otherwise that listed in Table 1 .
Cementite was assumed to nucleate heterogeneously on dislocations in the ferrite matrix, but the nucleation site density was determined by fitting the calculated results with the original work of Takahashi and Bhadeshia [2] for the Fe-C system, to reproduce their finding that only upper bainite forms for steels withx < 0.32 wt%, only lower bainite withx > 0.4 wt%, and upper or lower bainite depending on the transformation temperature with 0.32 ≤x ≤ 0.4 wt%. This gave an effective dislocation density of 5.5×10 6 m −2 , which is much lower than reported experimental values, but as not all dislocations are effective nucleation sites, so it maybe a reasonable assumption.
The resulting relations between precipitation start times and alloy element contents and temperatures are very complex and non-linear. The neural network method was therefore used to represent the calculated data including alloy composition, temperature and cementite precipitation start time as the variables. The method due to MacKay [34, 35] is within a Bayesian framework, which allows the estimation of modelling uncertainty and noise in the data, although the latter is not relevant in the present work since the inputs are calculated. 887 data were obtained from MatCalc, and the dataset was randomised and divided into two groups, one group was used to train the neural network, while the other was used to test its generalisation. The details of the method are described elsewhere [36] [37] [38] , but the goal is to choose an optimum model which does not over-or under-fit the data. The optimum model complexity is that gives minimum error on the unseen data. Fig. 4 compares the neural network predictions against the MatCalc results. Good agreement was obtained, but there are some outliers associated with big error bars 2 .
Figs. 5 and 6 show the alloying element effects on cementite precipitation start time for carbon contents of 0.2, and 0.8 wt% at 400
• C, respectively. The horizontal lines in all figures are t θ values for alloy of the same carbon content but without any substitutional alloying element. Each figure is calculated by varying the relevant element content while keeping the other elements as in Table 1 . As can be seen for 0.2 wt% carbon, an increase in Cr content leads to a small increase in cementite precipitation time, Mn has the opposite effect, while Si dramatically retards the cementite precipitation at a concentration higher than 2 wt%, though higher temperature leads to faster cementite precipitation. Si is known to retard cementite precipitation from austenite, but the retarding effect is much smaller when precipitation occurs from ferrite since the driving force for precipitation is then much greater [12] . With the increase of carbon content the driving force for cementite precipitation becomes large, leading to fast precipitation, and the effects of substitutional solutes become weak. For 0.8 wt% carbon, even 3 wt% of Si could not effectively slow down cementite precipitation, Fig. 6(c) .
Increase in Cr content leads to longer decarburisation times, but it also increases the precipitation start times, so its effect on the transition temperature is not significant. Higher Mn content increases decarburisation time, but hastens precipitation, and hence promotes lower bainite. Si has very little effect on decarburisation time but strongly retards cementite precipitation, thus favouring upper bainite. Increased carbon content increases the decarburisation time, and decreases cementite precipitation time (compare Fig. 6 with Fig. 5 ), so it encourages lower bainite formation. 
Model verification
The time to decarburise a plate must increase with its thickness, thus giving a greater opportunity for cementite to precipitate from supersaturated ferrite. It is expected therefore, that the temperature for the transition to lower bainite is increased as the platelets become thicker. This is illustrated in Fig. 7 for 0.1, 0.2 and 0.3 µm plate thicknesses, and t θ for the experimental steel. As expected thickness of 0.1 µm leads to fastest decarburisation, which favours the formation of upper bainite.
Fe-C binary system
The thickness of bainite subunit is typically about 0.2 µm [1] , although it does depend on the strength of austenite and the driving force accompanying the transformation [39] . However, for the present purposes we assumed, thickness w α = 0.2 µm to calculate the decarburisation time. The calculated values of t d and t θ for plain carbon steels as a function of carbon and temperature are shown in Fig. 8 , together with the experimental bainite-start (B s ) and martensite-start (M s ) temperatures. As expected the higher the carbon content, the longer the time needed to decarburise the bainite plate, but cementite precipitation is accelerated. For the upper to lower bainite transition, the temperature range of interest is between B s and M s . As shown in Fig. 8 (a) for carbon content below 0.3 wt%, t d is always smaller than t θ in this temperature range, which means only upper bainite can be obtained, on the other hand, for carbon content higher than 0.4 wt%, only lower bainite will form, as shown in Fig. 8 (b) . The calculated lower bainite-start temperature (LB s ) for plain carbon steel is show in Fig. 9 against carbon content, it suggests both upper and lower bainite can be obtained for carbon content between 0.32 wt% and 0.4 wt% depending on the transformation temperature. The LB s increase with carbon content at low carbon content, reaches a peak temperature at about 0.4 wt% of carbon, after that because only lower bainite can be obtained, so the LB s is effective the B s , which decreases gradually with increasing carbon content. These calculations essentially reproduce the work by Takahashi and Bhadeshia, but using MatCalc for precipitation kinetics. The theory is consistent with experimental data from literature. Oka and Okamoto [40] found there is no upper bainite in plain carbon steels when x > 0.8 wt%, while Ohmori and Honeycombe [41] proves no lower bainite could be obtained in steels with x < 0.4 wt%, although their observation of upper bainite in steels having carbon concentrations up to 0.85 wt% is not consistent with the theory, nor with the data reported by Oka and Okamoto [40] . 
Fe-Mn-Mo-C alloys
Pickering [42] has systematically studied the effect of carbon on the transition temperature from upper to lower bainite in a series of low alloy FeMn-Mo-C alloys with Mn 0.5 wt% and Mo 0.5 wt%. On applying the model to his data, good agreement is obtained as shown in Fig. 10 , although the discrepancy is large at carbon content below 0.2 wt%, but as the calculated transition temperature is below the calculated M s , it becomes invalid as martensite is the predicted phase. The B s and M s are calculated following the method of Bhadeshia [43, 44] . In this case, lower bainite is always obtained when carbon content exceeds about 0.3 wt%, this carbon content at the peak of LB s is lower than that of Fe-C system. 
Experimental steel
The effect of carbon on the transition temperatures of the alloy detailed in Table 1 is shown in Fig. 11 . Carbon contents below 0.2 wt% show only upper bainite, while carbon content higher than 0.3 wt% gives only lower bainite. There will be transition from upper to lower bainite for carbon contents from 0.21 to 0.26 wt%, and the corresponding LB s are shown in table 2, an increase in carbon content leads to higher LB s . The carbon content at the peak of LB s calculated for the alloy is lower than that of the Fe-Mn-Mo-C alloys, whose value is lower than that of Fe-C system. This trend agrees with experimental result from Parker [45] , who found the peak of transition temperature shifts to low carbon content with the increase of alloying element concentration.
The present steel has a carbon content of 0.224 wt%, which according to the model prediction should have a lower bainite start temperature of 370
• C. TEM micrograph of transformation at 400
• C are shown in Fig. 12 . No carbide was found for transformation at 400
• C, while there are carbides in samples transformed at 370
• C. The carbides were confirmed to be cementite by selected area diffraction pattern as shown in the inset of Fig. 12 (b) . The microstructure of transformation at 370
• C consist of a mixture of upper and lower bainite, with most carbides found to be in the thick platelets of bainite, as the decarburisation requires more time for thicker platelet, hence the chance for precipitation is larger. The lower bainite may also be formed in the late stage of transformation when the austenite has been enriched with carbon. Pickering has also reported a mixture of upper and lower bainite near the transition temperature [42] . Transformation at 340
• C shows more carbides, even though it is a few degrees below the M s temperature and the microstructure consists of bainite and martensite, but the decarburisation and precipitation kinetics should be the same as bainite plate, since the bainite plate was initially supersaturated with carbon. So the result is in a broad agreement with the model prediction. • C.
Summary
A model for the transition from upper to lower bainite has been developed by comparing the time required for decarburising a supersaturated bainite plate and the time for cementite precipitation within the ferrite plate. Good agreement was achieved for Fe-C system and low alloyed Fe-Mn-Mo-C system, broad agreement was reached for a commercial Si-containing multicomponent steel. The model predicts that C and Mn favours lower bainite, while Si promotes upper bainite.
The method of calculating the transition temperature nevertheless has the following limitations:
• It is assumed that the composition of the austenite, and hence of the bainite that grows is given by the average in the alloy of interest. However, the austenite enriches in carbon as bainite evolves, so it is possible that initial transformation would be to upper bainite, followed by lower bainite formation when the enrichment is sufficient. This issue has been discussed in detail by Bhadeshia [1, p. 203 ]; Chang [46] has shown experimentally that a mixture of upper and lower bainite can be obtained when transforming steel at a temperature close to the transition. However, this problem should only be an issue when the transformation conditions are close to the transition temperature, otherwise, the microstructure should be predominantly upper or lower bainitic.
• It is possible to obtain lower bainite with transition carbides of iron, rather than cementite. The procedure for dealing with this is the same as for cementite, but an additional theory would be necessary in order to assess when a thermodynamically more stable cementite is preceded by the transition carbide.
• The bainite plate thickness can be measured using stereological methods such as described in reference [47] ; the uncertainty associated with using such data has been determined to be ±10.5% [48] .
• We have followed Takahashi and Bhadeshia [2] in setting the fraction of cementite (normalised by the equilibrium fraction) to be 0.01 in predicting the transition temperature. This is because it produces good agreement with data on Fe-C alloys [2] . However, the fraction is arbitrary but the reasoning given in [2] is that the onset of precipitation would quickly retard the partioning of excess carbon over longer distances into the adjacent austenite. We note that the precipitation and partitioning models should strictly be coupled in order to better represent the process.
